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Abstract
Inorganic halide perovskites have emerged as a promising platform for a wide range of applica-
tions from solar energy harvesting to computing, and light emission. With the recent advent of
epitaxial thin film growth of halide perovskites it is now possible, for the first time, to investigate
low-dimensional quantum electronic devices based on this class of materials. In this study we
leverage advances in vapor-phase epitaxy of halide perovskites to perform low-temperature quan-
tum electrical and magnetotransport measurements on single-domain cesium tin iodide (CsSnI3)
epitaxial thin film devices. The low-field magnetoresistance carries signatures of coherent quantum
interference effects and spin-orbit coupling. We find that the low-temperature phase coherence
length for charge carriers in this material exceeds that reported in two-dimensional electron sys-
tems in silicon, gallium arsenide, and graphene. These results open the door to epitaxial halide
perovskite heterostructures for investigating and exploiting coherent quantum electronic effects for
applications in spintronics and spin-orbitronics.
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Halide perovskite semiconductors are being developed worldwide in numerous thin-film
electronic applications due to their exceptional properties and blockbuster performance. Ini-
tially investigated for light applications [1] and subsequently for their incredible photovoltaic
properties [2–4], long carrier diffusion lengths [5], and exceptional emission properties [6, 7].
More recently thin films of CsSnX3 (X = Cl, Br, I) have also been used for lasers [8] and
light-emitting diodes (LEDs) [9, 10]. Given their high-quality and flexible crystal structure
it is natural to ask if halide perovskites might serve as a novel platform for creating quantum
two-dimensional electron systems (2DESs). However, despite being considered as “defect-
tolerant” films when grown from solution, there is still a need to transition these materials
from polycrystalline layers to epitaxial single-crystal layers to enable the study of delicate
and emergent quantum many-electron phenomena in this exciting class of materials. By
reducing the defect density in the perovskite layer, controlling strain and crystal phase, and
improving crystalline order, electronic properties can be dramatically enhanced and quan-
tum devices can be developed. Indeed, the ability to exploit epitaxy and epitaxial strain in
silicon (Si) and III-V semiconductors revolutionized modern computing and optoelectronics
and led to improved photovoltaics [11–15], LEDs [16–19] as well as 2DESs with ultra-high
carrier mobility [20–24]. For example, strained Si is now commonly found in every MOS-
FET [25] due to the increased interatomic distance in the silicon layer that nearly doubles
the mobility. Additionally, molecular beam epitaxy (MBE) can now produce GaAs/AlGaAs
heterostructures having charge carrier mobilities µ > 35× 106 cm2/V·s [22] hosting a wide
variety of exotic collective phases of quantum electronic matter [26]. Advances in epitaxial
growth have also benefitted a wide range of materials beyond low-bandgap semiconductors
including graphene, diamond, SiC, oxide perovskites just to name several.
Recently, we have shown the ability to precisely grow epitaxial halide perovskite thin
films as well as halide perovskite quantum wells from the vapor phase [27, 28]. This was
achieved on lattice-matched metal halide crystals with congruent ionic bonding [27–29] (see
Fig. 1(a)). The heteroepitaxy of these perovskite films allows for precise film thicknesses,
controllable phase and orientation, integration into quantum wells, and opens the door to
quantum transport devices. In fact, perovskite films have been shown to exhibit numerous
low-dimensional quantum phenomena at low temperatures, such as superconductivity [30],
ferroelectricity [31], and two-dimensional quantum coherent transport, the last of which we
show in this paper. In particular, we exploit the growth of epitaxial halide perovskite devices
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FIG. 1. (a) Crystal structure of epitaxial cesium tin iodide (CsSnI3) on potassium chloride (KCl)
(Cyan is Cs, Gray is Sn, Red is I, Green is K, Blue is Cl). (b) Reflective high-energy electron
diffraction (RHEED) pattern of the KCl substrate (top panels) and CsSnI3 thin film showing well-
defined crystalline streaks in both the KCl and epitaxially grown CsSnI3. The appearance of (01)
and (03) streaks indicate the transformation from the FCC lattice of KCl to the primitive lattice of
the perovskite. (c) Schematic of the experimental setup. Electrical transport measurements were
performed between evaporated gold contacts on the 50 nm thick epitaxial CsSnI3 thin film devices
grown on a cleaved KCl substrate. The conductivity was calculated from the measured value of the
voltage Vm and the sourced current I, which were obtained using standard low-frequency ac lock-in
techniques. A magnetic field, B, perpendicular to the plane of the CsSnI3 enabled measurement
of the magnetotransport at low temperature.
to perform the first low-temperature quantum transport measurements on epitaxial halide
perovskite thin films. These measurements reveal an extraordinarily long phase coherence
for charge carriers in this halide perovskite 2DES as well as the presence of a strong spin-orbit
crystal field. To our knowledge, the results of the low-temperature transport measurements
reported here are the first to demonstrate 2D quantum interference and spin-orbit coupling
in halide perovskite epitaxial films and exhibit the highest reported phase coherence length
to date.
Quantum interference is one of the most profound physical effects in nature. In low-
3
dimensional electronic systems quantum interference of charge carriers leads to a variety
of coherent phenomena, including Aharonov-Bohm oscillations [32], universal conductance
fluctuations [33], as well quantum interference induced localization of charges [34–37]. Of
particular interest are the effects of weak localization (WL) [34] and weak anti-localization
(WAL) [36] as they can be used as tools to determine the phase coherence length for charge
carriers in low-dimensional devices by performing magnetoresistance experiments at low
temperature. Given a sufficiently long phase coherence length, the diffusion of an electron
or hole in a low-dimensional system can simultaneously follow multiple trajectories that
interfere with each other. When this interference is constructive it produces weak local-
ization, which manifests as a reduction in the electrical conductivity near zero magnetic
field. The application of an external magnetic field introduces a phase factor that disrupts
this constructive interference and leads to an increase the conductivity. In contrast, the
presence of strong spin-orbit coupling produces an additional rotation of the charge carrier
spin and leads to destructive interference between coherent trajectories and a decrease in
the device conductivity with increasing magnetic field. This latter phenomenon is known as
weak anti-localization and manifests as a characteristic upward peak in the low-field mag-
netoconductivity and is a classic signature of spin-orbit coupling [36]. As we will describe,
we have observed clear WAL signatures in the low-field magnetotransport measurements of
epitaxial CsSnI3 thin films. These results allow us to quantitatively extract the phase co-
herence length of charge carriers in the device, which greatly exceeds the thin film thickness
and indicates the two-dimensional character of the system.
The CsSnI3 crystalline film samples were grown in a custom Angstrom Engineering ther-
mal evaporator by co-evaporation from two tungsten boats containing precursor materi-
als (CsI and SnI2), with each source having an independently calibrated quartz-crystal-
microbalance rate monitor and source shutter. A 50 nm thick film was deposited stoichiomet-
rically on a cleaved [100] surface of a potassium chloride (KCl) single crystal substrate. The
growth was performed at pressures less than 3×10−6 torr and a temperature of 22◦C. In-situ
crystal analysis was performed in real-time using reflective high-energy electron diffraction
(RHEED) to determine structure and film quality. The RHEED scans were performed at
30.0 kV and an emission current of less than 50 nA to reduce damage and charging on
the perovskite film during growth. With these measurement conditions no damage was ob-
served over typical deposition times of up to 1-2 hours. The resulting CsSnI3 epitaxial film
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is pseudomorphic to the KCl substrate (a = 0.629 nm) as shown in Fig.1(a) and confirmed
by rotation dependent RHEED patterns (Fig.1(b)) as well as x-ray pole figure analysis and
TEM (see Supplemental Information section SI 1, Fig. S1 and S2). The streaky patterns
observed are indicative of smooth growth compared to spotty patterns seen in rougher films
(see Supplemental Information Fig. S3 and S4). From the cleaved metal halide crystals, we
observe atomic terrace lengths of 1-5 microns. Since the length of the streaks for the pseu-
domorphic epitaxial layer is similar to the streak lengths from the substrate, this indicates
that the terrace length is simply limited by that of substrate. The patterns we observe are
representative of high quality epitaxial and heteroepitaxial oxide perovskite layers [38, 39].
The RHEED data show a clear change in the symmetry from face-centered-cubic (FCC)
of the substrate to a primitive perovskite cell by the emergence of (01) streaks between the
(02) streaks of the substrate. The crystal structure of epitaxial CsSnI3 is similar to the high
temperature cubic phase [27] but tetragonally distorted due to the in-plane tensile strain
resulting in c = 0.612 ± 0.002 nm (see Supplemental Information, Fig. S5 and Table S1).
Thus, this epitaxial phase and band structure are unique from the commonly observed
orthorhombic phase at room temperature [27].
After growth, gold pads spaced by 50 µm were evaporated onto the CsSnI3 layer and
enabled standard low-frequency (10 Hz) ac electrical transport measurements as shown in
Fig. 1(c). While the epitaxial perovskite film is more stable than the bulk orthorhom-
bic phase in air, it too degrades when exposed to air after many hours, so protocols were
developed to keep the devices in an entirely air free environment during the fabrication,
transferring, and measurement and we have characterized the air sensitivity of epitaxial
CsSnI3 using x-ray, optical and electrical transport techniques (see Supplemental Informa-
tion section SI 2, Fig. S6). Devices for quantum transport measurements were mounted in a
custom indium o-ring sealed copper sample holder (see Supplemental Information Fig. S7),
to eliminate exposure to air, and thermally anchored to the mixing chamber of a dilution
refrigerator having a lowest temperature of T ∼ 10 mK. A variable magnetic field B perpen-
dicular to the plane of the CsSnI3 epitaxial film was supplied by a superconducting solenoid
and enabled the measurement of the magnetoconductivity of the device up to B = ±13.5 T.
Before investigating the magnetotransport, we first characterized the temperature depen-
dent electrical properties of the device in the absence of a magnetic field (see Supplemental
Information section SI 3, Fig. S8 for data on additional devices). In Fig. 2 we show the
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FIG. 2. Electrical conductivity σ of the epitaxial CsSnI3 thin film as a function of temperature
with B = 0. Inset: the corresponding device resistance R versus temperature.
conductivity, σ, of a CsSnI3 epitaxial film as the sample was cooled from room tempera-
ture down to T = 16 mK. The low overall resistance of the devices indicates that the Au
makes nearly ohmic contact to the CsSnI3, consistent with previous electrical measurements
on bulk CsSnI3 [40]. The conductivity of the device increases with decreasing temperature
indicating the presence of mobile charge carriers that do not freeze out upon cooling to low
temperature. This increase in the conductivity is consistent with a reduction in phonon
density upon lowering the temperature of the device. The existence of charge carriers in the
material is likely the result of intrinsic doping in the epitaxial thin film, which is a direct
bandgap semiconductor (see Supplemental Information section SI 4, Fig. S9 and Table S2).
In fact, previous electrical conductivity measurements on orthorhombic CsSnI3 have also re-
ported metal-like conduction attributable to hole-doping associated with Sn vacancies [41].
At low-temperatures, the application of a magnetic field normal to the plane of the
CsSnI3 layer (see Fig. 1(c)) strongly modifies the transport of charge carriers. In Fig. 3(a)
we present the conductivity of the CsSnI3 epitaxial film device as a function of magnetic
field up to ±13.5 T. Above several Tesla we observe a non-saturating magnetoconductivity
that is approximately linear in the applied field. This apparent reduction in the conductiv-
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ity with increasing magnetic field likely arises from a relatively mundane source, i.e. from
a convolution of the longitudinal conductivity measurement by the Hall voltage developed
across the 2DES due to the geometry of our device. In fact, this type of effect is common in
magnetotransport measurements such as ours and has been observed in 2DESs in semicon-
ductors [42, 43] as well as graphene [44], and is associated with the formation of so-called
“hot-spots” near corners of device contacts [43–45].
More importantly, the low-field magnetoconductivity can be used to reveal signatures of
coherent quantum phenomena. In the vicinity of B = 0 we observe clear signs of quantum
interference. The inset of Fig. 3(a) shows the change in the magnetoconductance σ(B)−σ(0)
near zero magnetic field and T = 16 mK. These data exhibit a cusp-like maximum that
broadens and weakens as the temperature is increased as shown in Fig. 3(b). As we describe
below, these features are the characteristic signatures of weak anti-localization in diffusive
magnetotransport in the presence of spin-orbit coupling [36, 46].
The Hikami-Larkin-Nagaoka (HLN) theory of weak anti-localization provides a descrip-
tion of the magnetoconductivity behavior of two-dimensional systems in the quantum dif-
fusive transport regime [47]. In the present work, we utilize a simplified empirical HLN
formula to analyze our data and to extract the the charge carrier coherence length Lφ. This
model contains two adjustable parameters Lφ and α, which accurately capture the physics of
WAL and spin-orbit coupling in our data. Specifically, the change in magnetoconductivity
away from its zero field value is given by,
σ(B)− σ(0) = α
pi
[
Ψ
(
1
2
+
h¯
4eBL2φ
)
− ln
(
h¯
4eBL2φ
)]
(1)
where e is the electron charge, h¯ is the reduced Planck’s constant and Ψ(x) is the digamma
function. The sign of the parameter α indicates the dominant mechanism in the magneto-
transport and quantum interference phenomena [48, 49]. Specifically, α > 0 is associated
with WL while α < 0 indicates WAL. At the lowest temperature of our measurement
(T = 16 mK) we find that α ≈ −0.07, which demonstrates the presence of spin-orbit
coupling in the epitaxial CsSnI3 film. In fact, for the entire temperature range covered by
our magnetoresistance measurements we find α < 0. Representative fits of the data to Eq. 1
at different temperatures are shown in Fig. 3(b). Spin-orbit coupling can arise in crystals
with heavy atoms or lacking inversion symmetry. This symmetry is broken if a compound
is intrinsically non-centrosymmetric and results in Dresselhaus spin-orbit coupling [50]. It is
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FIG. 3. (a) Magnetoconductivity of the epitaxial CsSnI3 thin film as a function of magnetic field
normal to the plane of the device at T = 16 mK. The vertical axis is the magnetoconductivity
σ(B) minus the value of the conductivity at zero magnetic field σ(0). Inset: low field magnetocon-
ductivity showing a clear weak anti-localization peak at B = 0. The solid line is a fit to the WAL
theory, Eq. 1, described in the text, from which we can extract the charge carrier coherence length
Lφ. (b) As the temperature is increased the WAL peak broadens and weakens as Lφ decreases due
to increased inelastic scattering of charge carriers.
not known whether the epitaxial phase of CsSnI3 intrinsically lacks an inversion center as it
is nearly impossible to perform precise atomic refinement on an epitaxial thin film. Regard-
less, the presence of the interface between the KCl substrate and the CsSnI3 epitaxial film
intrinsically breaks any inversion symmetry and could lead to a Rashba spin-orbit field [51]
along the growth direction of the heterostructure. In fact, it has been shown that the large
Rashba splitting observed in tetragonal MAPbI3 is likely not a bulk-, but surface-induced
phenomenon [52]. Alternatively, it is possible that the spin-orbit coupling in CsSnI3 that
we observe arises from the relatively large mass of the constituent atoms in the crystal.
The temperature dependence of the phase coherence length extracted from these mea-
surements is shown in Fig. 4 along with value of Lφ for other high-quality low-dimensional
quantum electronic materials. For our data on epitaxial CsSn3 each value of Lφ corresponds
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FIG. 4. Temperature dependence of the charge carrier phase coherence length Lφ in the epitaxial
CsSnI3 thin film. Each value of Lφ corresponds to the average value obtained from multiple
measurements at a given temperature and the error bars are the standard deviation. For comparison
we also show results from the literature for other high quality electronic materials.
to the average value obtained from multiple measurements at each temperature and the er-
ror bars are the standard deviation. As the temperature is increased we observe a reduction
in Lφ due to increased inelastic scattering of charge carriers. Several important inelastic
scattering mechanisms can result in the loss of phase coherence including electron-electron
scattering, electron-phonon scattering, and scattering from magnetic impurities [53]. In the
quantum diffusive regime Lφ =
√
Dτφ, where D is the charge carrier diffusivity and τφ is the
rate of dephasing scattering events. The temperature dependence of τφ carriers information
regarding which of the scattering mechanisms dominates, however multiple competing mech-
anisms often lead to mixed temperature dependences that are difficult to disentangle [53].
We find that τφ scales as 1/T
p with p ' 2, which is consistent with phonon scattering
as the dominant contributor to dephasing with increasing temperature. In fact, previous
studies on semiconductors and metals have reported electron-phonon scattering as leading
to p ≈ 2 − 4 [53]. Considering we do not purposely introduce magnetic defects/impurities
(e.g. Fe, Mn, etc.), magnetic scattering is unlikely. Regardless of the underlying inelastic
scattering mechanism Lφ increases with decreasing temperature and reaches > 5 µm below
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roughly 350 mK for the epitaxial CsSnI3 film. We note that recent work on three-dimensional
quasi-epitaxial layers of CsPbBr3 have reported weak localization signatures in photoelectric
transport with Lφ ≈ 50 nm [54], which is likely limited by the quasi-epitaxial domain size.
The value of the charge carrier phase coherence length we find in epitaxial CsSnI3 exceeds
that in high mobility GaAs/AlGaAs heterostructures [55], oxide thin films [56], graphene [57,
58] as well as silicon [55], and to the best of our knowledge is the highest ever reported for a
2DES in the quantum diffusive regime. These results indicate that epitaxial halide perovskite
thin films are emerging as a promising material for future quantum coherent devices with
applications in spin-orbitronics where gate-control could enable manipulation of spin via the
Rashba-effect [59, 60].
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SI 1: Additional Characterization of Epitaxial Thin Film Growth and Structure: 
 
Figure S1 | Pole figure data and epitaxial tilt. A simulated pole figure (left) of the CsSnI3 adlayer 
compared to experimental pole figure scans of the substrate (middle) and perovskite (right). The 2% 
tetragonal distortion in the perovskite adlayer causes the epitaxial layers to grow with a slight tilt to 
accommodate the pseudomorphic strain at the terrace steps on the substrate, which has a 2% smaller lattice 
constant.  The subsequent pole figure scan then contains poles that are shifted away from their ordinarily 
radially-symmetric positions, as seen in both the simulated and experimental pole figures. The red arrows 
indicate direction of the pole shift (lengths exaggerated). This tilt is not observed in the pole figure of the 
KCl substrate, indicating that the tilt is indeed due to an angled surface of the film (and not from a tilted 
substrate). This provides further evidence that the films are both epitaxial and pseudomorphic [1]. 
 
 
Figure S2 | TEM image of CsSnI3. Wide view TEM image shows highly crystalline CsSnI3 adlayer 
growth upon a terraced surface without clear grain boundaries. 
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Figure S3 | Off-stoichiometric growth characterization. RHEED scans of CsSnI3 on KCl with varying 
precursor ratios of CsI:SnI2 showing changes in crystal structure and quality as growth leaves the 
stoichiometric ratio of 1:1. The scans show the base substrate (top) and the epitaxial film at several hundred 
angstroms (bottom). The 2:1 growth (Sn vacancies), results in an essentially amorphous film (confirmed 
via ex-situ XRD), and can be seen in the complete lack of clear streaks or spots in the RHEED pattern. The 
1:2 growth (Cs vacancies), results in a rough crystalline film that is likely CsSn2I5, analogous to a similar 
bromide (CsSn2Br5) compound seen in our previous work [2]. 
 
Figure S4 | Growth rate characterization. RHEED scans of KCl (top image) with the CsSnI3 growth 
(bottom images) performed at a high growth rate (~0.1 nm/s). The bottom images are different rotations of 
the final film, showing spotty (rough) patterns. The low growth quality at high rates likely stems from 
imbalance of the lower reaction rate with high deposition rate that leads to an accumulation of vacancies 
and non-uniform (island) growth.  The presence of half order spots indicates a larger unit cell that may 
result from the presence of Cs vacancies similar to the 1:2 growth shown in Figure S3 above. 
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Figure S5 | Synchrotron characterization at low temperature. Refinement (Pawley) fits of experimental 
synchrotron data made using the Reflex module in Materials Studio (l = 0.61987Å). Note that the sample 
was formed from folding an epitaxial film that was lifted-off and thus is not a perfect powder but rather a 
strongly textured sample. Top panel shows fits of the full patterns and bottom shows a zoom in on the 
(002)/(200) peak splitting indicative of the tetragonal structure at all temperatures. Extracted lattice 
constants are provided in Table S1 below. 
T (K)   Å R 
100 a 6.198 1.02 
  c 6.075   
173 a 6.205 1.02 
  c 6.107   
193 a 6.214 1.02 
  c 6.107   
 
Table S1 | Synchrotron characterization results. Lattice constants and a/c ratios extracted from fittings 
of experimental XRD synchrotron data at three different temperatures. 
 
SI 2: Characterization of CsSnI3 air sensitivity and device handling details: 
To understand the effects of exposure to air, we have characterized the air sensitivity of additional 
epitaxial CsSnI3 devices using x-ray, optical and electrical transport, as shown in Fig. S6. In Fig. 
S6(c) we show how the resistance of a CsSnI3 epitaxial layer evolves as a function of time when 
the device was exposed in air at room temperature. For the first 15-20 minutes, the device 
resistance does not significantly change. With continued exposure we clearly observe an increase 
in the device resistance with increasing time, which continues until it is > 50 MW. We attribute 
this behavior to the known transformation of CsSnI3 into Cs2SnI6 upon exposure to air (even for 
19
 
 
the epitaxial phase). Importantly for the results reported in this manuscript no such changes in 
device resistance were observed for any of the devices that were handled and sealed in a dry-
nitrogen environment before being measured at low temperature. Moreover, repeated transport 
measurements performed at low temperature did not show changes in the overall resistance of the 
device nor changes in the observed magnetotransport phenomena. 
Although the epitaxial films were structurally stable in air for hours, care was taken to mitigate 
this as a convoluting effect. Thus the growth, handling and characterization of the devices in this 
article (CsSnI3 and CsSnBr3) were performed, from start to finish, in a dry, oxygen-free 
environment. After the fabrication, the devices were sealed in containers filled with dry nitrogen 
gas and transported from the growth laboratory to the low temperature quantum measurement 
laboratory. These devices were wired up in a nitrogen environment and loaded into a custom 
hermetically sealed sample cell containing an 18-pin chip carrier inside (see Fig. S7 below). The 
cell was sealed with a conventional indium O-ring compatible with cryogenic measurements. 
Then the cell was transferred to dilution refrigerator for low temperature (~10 mK) and high 
magnetic field (~14 T) transport measurements. At no point during this entire process (from 
growth to low-temperature measurement) were the devices exposed to air. 
 
Figure S6 | Characterization of air sensitivity. (a) XRD scans of a 50 nm epitaxial CsSnI3 film degrading 
over time while exposed to air. At 3 hours, the perovskite peaks begin to disappear and the degradation 
product, Cs2SnI6, appears. (b) Optical images of the degrading perovskite sample, showing the 
transformation from the brown CsSnI3 to the transparent Cs2SnI6. (c) Resistance over time of a CsSnI3 film 
device exposed to air. Changes in the resistance begin to occur after ~ 20min (faster than in XRD), likely 
due to the degradation at the interface first and a greater sensitivity in the resistance measurement overall.  
After several hours the resistance becomes > 50MW. 
20
 
 
 
 
Figure S7 | Hermetically sealed sample cell. The devices are loaded and sealed within the sample cell in a 
dry nitrogen environment. 
 
SI 3: Additional device measurements and comparison with epitaxial CsSnBr3: 
For comparison, measurements on additional CsSnI3 devices are shown below (Fig. S8, CsSnI3 
device 2 and 3). These additional CsSnI3 devices show the same behavior (i.e. decreasing 
resistance with decreasing temperature), which is consistent with the device data that is presented 
in this paper. Additionally, we have performed similar measurements on epitaxial CsSnBr3 
devices (Fig. S8, CsSnBr3 device 1 and 2). Both of these epitaxial CsSnBr3 devices show an 
increasing resistance with decreasing temperature, which is markedly distinct from CsSnI3 and 
serves as a control to demonstrate that the behavior described in the paper is arising from the 
CsSnI3 epilayer. 
 
Figure S8 | Resistance R versus temperature T of different CsSnI3 and CsSnBr3 devices. Epitaxial 
CsSnI3 devices compared to epitaxial CsSnBr3 devices. 
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SI 4: Band and crystal structure: 
 
Figure S9 | Calculated electronic band structures. Calculated band structures for the (a) orthorhombic 
and (b) epi-tetragonal phases of CsSnI3. The data were calculated in Materials Studio 7.0 using the B3LYP 
DFT functional in the CASTEP module. 
 
Table S2 | Crystallographic Data of Various Phases. Modified from Ref [3] and Ref [4].  Simulated 
bandgaps were calculated in Materials Studio 7.0 using the CASTEP module with the B3LYP functional. 
At room temperature, only the orthorhombic and epi-tetragonal phases have been observed for CsSnI3, 
along with a yellow (large bandgap) orthorhombic phase (not included). 
 
 
 
Phase Cubic (High T) 
Tetragonal 
(High T) 
Orthorhombic 
(Room T) 
Epi-tetragonal 
(Room T, this work) 
Crystal Structure 
 
    
Lattice Parameters 
(nm) a=0.6206  
a=b=0.8718, 
c=0.6191 
a=0.8689, 
b=1.2378, 
c=0.8638 
a=b=0.622±0.007, 
c=0.612±0.002 
Experimental 
Bandgap (eV) - - 1.31
[5] 1.851 
Simulated Bandgap 
(eV) 0.76 0.41 1.40 2.07 
Cs 
Sn 
I 
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